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ABSTRACT The increasing demand for environmentally friendly, renewable, and clean energy sources
as a substitute to fossil fuels, which emit greenhouse gases, continues to rise. Nonetheless, extracting the
maximum wind power through the wind energy conversion system (WECS) hinges on accurately measuring
the generator’s reference speed and the aerodynamic torque. This paper introduces an approach using
an exponential disturbance estimator to extract the WECS’s maximum power by estimating aerodynamic
torque (7,) and wind speed (v). Unlike most existing literature that assumes the behavior of the torque
to change slowly, this paper offers a thorough investigation of the impact of fast-varying 7, on WECS’s
power harnessing using observer-based super-twisting sliding mode control (STSMC). Simulation results of
reduced-intensity, fast-varying, and extremely fast-varying wind speeds for the zero-order (ZO), first-order
(FO), and second-order (SO) T, estimations were investigated. Though the incorporation of higher-order
estimations improved the speed tracking performance and increased the maximum power extraction by
about 6.5% for extremely varying wind profiles (from 182.15 kW to 193.92 kW), the ZO estimation
almost extracted the same amount of power for fast-changing wind speed (151.87 kW vs 152.08 kW), and
low-intensity wind force (6.86 kW vs 6.89 kW). Ultimately, the analyses suggested that in scenarios where
the wind speed is not extremely changing, the ZO estimation proves effective, as the higher-order estimations
will increase noise and the computational burden on the WECS.

INDEX TERMS Disturbance observer, renewable energy sources, sensorless wind speed estimation, wind
energy conversion system (WECS).

I. INTRODUCTION particularly research institutions and other nonprofit organi-
The extensive reliance on fossil fuels for global energy zations, is focusing considerably on cleaner, environmentally
needs has raised significant environmental concerns due friendly, and renewable alternative energy sources. There-
to the resulting impact on global warming. This is evi- fore, due to their emission-free features, renewable energy
dent as a quarter of the global population lives in isolated sources such as biomass, hydro, wind, and sunshine (solar)
villages where they use fossil fuels to meet their energy are becoming increasingly popular [3], [4], [5].
demand [1], [2]. Interestingly, the international community, Wind energy is among the cleanest and safest techniques
for generating renewable electrical energy. Moreover, the
The associate editor coordinating the review of this manuscript and environmental impact of wind energy generation is consider-
approving it for publication was Jorge Esteban Rodas Benitez . ably lower or even negligible compared to other conventional
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energy sources. According to the latest international wind
report [6], the new installations of wind farms, both onshore
and offshore, reached 78 GW in 2022 alone, marking a sig-
nificant increase of 54% from the 51 GW recorded in 2018.
Therefore, this substantial increase highlights the increasing
demand and extensive adoption of wind energy generation
globally. On the other hand, most of the renewable energy
sources are isolated in a stand-alone configuration, and it
is crucial to integrate them into the grid for optimal power
utilization. Some of the grid-forming methods were presented
in [7], [8], [9], and [10]. However, the integration requires
advanced controllers that can mitigate the effect of transient
conditions, voltage fluctuations, and frequency mismatch,
among others. For instance, Selvam et al. [11] proposes a
novel distribution static compensator (DSTATCOM) for the
distributed power of WECS. The adaptive schemes stabilize
the grid parameters and reduce the total harmonic distortion
(THD) under different load conditions. In [12], the validation
of grid-integrated WECS was presented using the hardware
in the loop (HIL) setup. The configuration shows that the
DC-link voltage was effectively controlled with high integra-
tion efficiency.

Moreover, achieving efficient electrical power generation
from wind sources depends heavily on the effective design,
control, and regular maintenance of the electronic compo-
nent for wind energy conversion. Therefore, extracting the
maximum energy from the wind depends on effective control
of the conversion method [13]. The control of wind energy
conversion systems (WECSs) [14], [15], [16], [17], which is
the most prominent component in wind energy harnessing,
is crucial for efficient renewable energy production. More-
over, it is essential to note that at every time instants of
varying wind profiles, there is an optimum point for the tur-
bine to harness the maximum available power. Interestingly,
this power can be harnessed by adjusting the generator’s
rotor voltage [18]. Nevertheless, the inherent nonlinearities of
the WECS make its control challenging. Currently, the main
types of generators for WECS integration include permanent
magnet synchronous generators (PMSGs), doubly fed induc-
tion generators (DFIGs) [19], and synchronous reluctance
generators (SynRGs) [20]. In this study, the PMSG, which
is the most popular generator for the WECS, is considered.

Although the model of the WECS is needed for the control
design, the uncertainties from the system modeling need
to be effectively controlled. In [21], the dynamic modeling
and control for WECS under parametric uncertainties was
presented. Ayenew et al. [22] investigated the impact of
uncertainties on the power extraction of WECS. The authors
developed a control method that stabilizes the WECS. Also,
Mohapatra and Dash [23] proposes a parametric disturbance
rejection mechanism. In [24], the study addresses the impact
of varying the parametric uncertainties of the WECS using
an adaptive mechanism. However, the adaptive mechanism is
complex and slows down the control action. In other studies,
the intelligent and model predictive controllers [25], [26],
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[27] have been designed to enhance the performance of the
WECS. These studies focused on uncertainties, highlighting
the need for robust control design, which is employed in this
study.

On the other hand, achieving optimal control of WECS
depends on knowing the generator’s reference speed, which
is proportional to the wind speed. Unfortunately, conven-
tional methods like cup anemometers could not satisfacto-
rily measure the wind speed, especially for a fast-varying
wind profile [28]. Other methods like the predictive algo-
rithms [29], [30], [31], [32] have been employed to estimate
the wind speed. However, their performance has often been
unsatisfactory or limited to short-term predictions, and they
involve intensive computations. Therefore, considering the
challenges in accurately measuring wind speed, effective
wind measurement is needed. For instance, in [33], a gen-
eralized high-order disturbance observer (GHODO) was
designed for precise estimation of the wind speed. In another
study [34], a variable structure system was proposed for a
fixed pitch-based PMSG in varying wind conditions. In [35]
and [36], the approach involves synthesizing a polynomial
disturbance estimator capable of calculating the reference
wind speed and aerodynamic torque. It is worth noting that
the generator’s shaft speed depends on the accurate mea-
surement of the wind speed, which is related to the torque.
However, in all the disturbance-observer-based studies, the
torque is either assumed to be slowly varying or fast-changing
without providing an in-depth analysis of the assumptions.
Therefore, to our knowledge, none of the existing research
analyzes the impact of higher-order disturbance estimation
on the power generated from the WECS.

Therefore, this study aimed to conduct a comprehensive
analysis of the effects of disturbance estimation using zero-
order (ZO), first-order (FO), and second-order (SO) observers
for a PMSG-based WECS. The study is an extended version
of the paper presented at the IEEE conference on smart
grid and renewable energy (SGRE2024) [37]. The concept,
analysis, and results were extended and comprehensively
presented. As the aerodynamic torque (Ty) is challenging to
measure, the exponential disturbance observer (EDO) and
higher-order EDO (HOEDO) were designed by assuming the
torque to be a mismatched disturbance. As comprehensively
presented in the recent review of the applications and trends
of the WECS [38], the SMC, which has many variants,
has demonstrated a superior performance over the existing
control schemes. Thus, the super-twisting SMC (STSMC),
with its excellent features including finite-time convergence,
robustness to disturbance, and parametric uncertainties, was
considered in this study. The STSMC was designed to regu-
late the d-axis current and to track the reference shaft speed.
The STSMC incorporated the observers to study the influence
of the order of disturbance for power extraction. Therefore,
three cases of the wind profile were studied and analyzed. The
response of the normal wind profile was recorded, and then its
frequency was increased threefold, and finally, its amplitude
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was decreased by one-third. These scenarios allowed the
effects of changing the wind profile to be fully studied.

The contribution of the paper can be summarized as
follows:

1) In most of the previous analyses (e.g., [28], [34]), the
torque disturbance is considered to be slowly changing
while neglecting the higher-order disturbance (HOD),
and only one wind profile was chosen. In this study,
the HOD was estimated using three different wind
speeds ranging from medium to extremely fast-varying
profiles.

2) Other studies that considered the disturbance to be
fast-varying (e.g., [33], [39], [40]) only analyzed the
estimation error of the ZO torque using the HOD esti-
mation. Herein, the ZO, FO, and SO disturbances were
incorporated into the controller, and their influence was
analyzed for torque estimation, shaft-speed tracking,
and most importantly, power extraction.

3) The observer’ convergence and the stability assessment
of the designed control system with the observer were
guaranteed using the Lyapunov function. In compari-
son with an optimal control (LQR) [39], the proposed
HOEDO-based STSMC has improved the disturbance
estimation and the speed tracking by more than 50% in
each case.

4) The study covers the possible operating wind profiles
of the WECS and provides insight into the applicability
of the HODO for the optimal operation of the WECS.

The overall content of the work is divided into seven
sections. Section II describes the brief description and math-
ematical modeling of the PMSG-based WECS. Section III
discusses the control design and the corresponding stability
assessment. Section IV presents the exponential disturbance
estimators. Section V presents the simulation results and
analysis, while Section VI summarizes the discussions of the
results. Finally, Section VII discusses the conclusion of the
whole study.

Il. SYSTEM DESCRIPTION AND MATHEMATICAL
MODELLING

The process of converting wind sources to electrical energy
can be achieved in two main phases. Firstly, the wind source
is converted through aerodynamic coupling into mechanical
energy. Finally, the electrical energy is generated via the
mechanical coupling of the turbine blades connected to the
electric generator. The dynamic modelling of the WECS in
[39] is summarized and presented in this section to provide a
better understanding of the control objectives of this research.

A. GENERATOR MODELLING

The magnitude of wind power can be represented in (1),
where P, denotes the aerodynamic wind power, p denotes the
density of the air, R is the turbine radius, and v is the speed of
the wind. The term C,(A, B) is the power drag coefficient,
which depends on the tip-speed ratio, A, and blade pitch
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angle, 8 [39].

1 2 3
Da = EWR Co(A, B)v (D

Then, the A can be determined using (2), where the given wy is
the wind turbine speed. Then, the torque, T,, can be illustrated
in (3) by substituting (2) into (1).

Wy
A= —R 2)
%
1 Cp(A,
T, = Pa _ —an3Mv2 3)
wy 2 A

As shown in (1), it is evident that the P, depends on the
power coefficient (Cp). It was studied that for different 8,
there is an optimal, A such that C, (A, B) is maximum. This
scenario can be demonstrated in Fig. 1 using the typical
formulation of (4) [41].
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FIGURE 1. The relationship between the turbine’s pitch angle, 8 and
power coefficient, Cp, for different tip-speed-ratio, 1.

Therefore, the maximum P, can be determined at the opti-
mal A (Aopt) When C,, is atits peak. Remarkably, for a specific
angle of the blade, the Aoy is constant, which allows the
harnessed power to be maximized by following the optimal
speed reference of the turbine, wy.r, as shown in (5) [39].

)\opt
R

v 5)

Wref =
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Also, considering the generator to be the PMSG with no
gear connection, the dynamic model can be expressed as [39]:

dow(t)
J r = —Bw(t) + T4(t) — To(t)
di (1) Rs . . YN, 1
_[qlt = —qu(t) — Npw(t)iq(t) — 73 o) + qu(t)
dia) _ RS0 4 Npot)igt) + ~vate

ar = fld(t) + Pa)( )lq( ) Zvd )

(6)

Additionally, the electromagnetic torque, T,(¢) of (6), can
be calculated using the relation [39]:

To(t) = Kig(1) @)

where K = 3v,,Np/2. Thus, the overall modelling of the
PMSG-based WECS considering the dynamics of the wind
turbine can be established in (8) [39]. Finally, the generated
power can be calculated as the product of torque (7,) and the
shaft angular speed (w). The Cp (A, B) is commonly calculated
experimentally based on 8 and A of the wind turbine, and it is
usually provided by the wind turbine’s company (manufac-
turer). For fair performance comparison, the parameters of
PMSG-based WECS presented in [39], as shown in Table 1,
are adopted in this study. Similarly, the same parameters were
adopted in [28], [33], [35], and [36].

dow(t) B o 1 () + 1 .0
= ——Q _—— —_
dt J J¢ J
dr, (#) Ry WmN pK K
=——T.(t)—NpKw(t)ig(t)— () +—vy(t
7 7 L ) ( ) ( 7 q(t)
dig(t) Ry Np 1
=——ig(t) + —o(®)T.(t) + —v4(t)
dt L al)+ gre®Te G
)]
TABLE 1. Parameters of PMSG-based WECS.
S/N Symbol  Parameter
1 R Radius of rotor 1.84 m
2 Np Number of pole pairs 14
3 L Nominal stator inductance 3.55 mH
4 Ry Nominal stator resistance 0.3676 Q
5 B, Coefficient of viscous friction ~ 0.002 kg.m%s
6 J Equivalent rotor inertia 7.856 kg.m?
7 Wi Magnitude flux linkage 0.2867 V.s/rad
8 Aopt Maximum tip-speed ratio 8.1
9 Cy max Maximum power coefficient 0.3262
10 p Air density 1.25 kg/m’®

B. PROBLEM FORMULATION AND OBJECTIVES

As earlier stated, achieving optimal control of WECS
depends on knowing the generator’s reference speed, which
is proportional to the wind speed. Unfortunately, conven-
tional methods like cup anemometers could not satisfactorily
measure the wind speed, especially for a fast-varying wind
profile. According to the structure of the WECS, the follow-
ing assumptions for the mathematical modeling and control
of the WECS were formulated:
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i. The angular speed of the generator (w), T, iy, and iy

are available (measurable).

ii. The torque (7,) and the wind speed (v) are unknown

and, therefore, need to be observed or estimated.

It is hypothesized that information on the torque estimation
and the corresponding wind speed can be obtained using
disturbance observers since the torque acts as an external
disturbance to the system. Secondly, optimal power can be
harnessed if the shaft speed is controlled effectively so that
it follows the reference wind speed. However, this can only
be achieved by efficient T, estimation and robust shaft speed
control.

In most current research, T,(t) was considered to be slowly
varying. Nonetheless, the studies failed to validate their
assumptions through a comparative analysis of the impact of
higher-order torque estimation on power harnessing. Thus,
the objective of this study is to examine the effects of torque
disturbance estimation on shaft-speed tracking and power
extraction, specifically focusing on ZO, FO, and SO torques.
The robust STSMC will be designed for the shaft speed
control, and a HOEDO will be designed to investigate the
influence of different orders of torque estimation on shaft
speed tracking and power generation.

IIl. CONTROL DESIGN

Before designing the controllers, it is important to highlight
that the surface-mounted type of the PMSG is being consid-
ered. Consequently, the d-axis current should be controlled
to zero for effective automation of the system. In this context,
two primary control objectives were recommended:

1. d-axis current control: The objective here is to main-
tain the current (i) to zero by regulating the d-axis
voltage (vg)

ii. Speed tracking: In this case, the objective is to control
g-axis voltage (v,) such that the shaft speed (w) follows
the reference speed (wpef).

The SMC/STSMC is employed to accomplish the stated
objectives; SMC ensures robust control within a sliding mode
manifold, where the output response precisely follows the
desired reference trajectory. The controller was chosen due to
its proven reputation for good regulation action and tracking
control for many control systems. The typical SMC’s action is
demonstrated in Fig. 2 and (9) [42], where the sliding surface
(W) forced the system states from the initial point (xi) to
track the desired trajectory. The sliding surface coefficient
(ys) determines the speed of convergence of the tracking error.
In this study, the robust STSMC was designed and compared
with the traditional SMC.

Wy = ye(t) +e(); s = 0 ©))

A. CONVENTIONAL SMC

1) d-axis voltage Control (V)
According to the stated objective, the goal is to regulate the
d-axis current to zero for the surface-mounted-based PMSG.
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FIGURE 2. The mechanism of sliding mode control (SMC).

Thus, the sliding surface for the current control is expressed
in (10), where the reference signal iy, = 0, A represents a
positive gain. Then, the derivative of (10) can be simplified
in (11) using the third part of (8).

\I’[lsd(t) = Ac¢c (ig(t) —igr(t)); Aee >0 (10)
Wy (1) = Accla(t)

(B0 M oono + Lum) al
= cc( fla' ) ?w( e ) Zvd() ( )

Moreover, the reaching law for the iy is chosen as in (12),
where 81 and B, are the positive switching gains. Finally,
the control law, vgsys(#), comprising the switching control
and equivalent control, can be expressed in (13) by equat-
ing (11) and (12):

W) = Busign (W3,(1) — BaWiy(@); B1, B2 >0 (12)

NpL L
VdSMm:Rsid(r)—%w(zm(r)— Prsign (V1)
L
= A P2Vi® (13)

2) g-axis voltage Control (vy) for shaft speed tracking (w)

The objective of the v4(t) control is to force the shaft speed,
w(t), to follow the reference wy,r ,as shown in (14). To achieve
this objective, the sliding surface W} (¢) of (15) was chosen for
a given positive gain &,.

(1) = W (t) — (1) (14)
WS (1) = o(t) + E,0(1); &, > 0 (15)
Moreover, considering the HO derivative of the reference

tracking, the derivative of (15) is expressed in (16) and sim-
plified into (17) using (8):

W3 (1) = @(1) + Ew@(t) = rep (1) + Eurer (1)
— (1) — Eya(t) (16)
\I/;)(t) = é[)ref(t) + Ea)d)ref(t)
B YuNpK
B (7F RT2

1.
) o(t) = 7Ta(t)
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R, T NpK ) r
- (J_L + 7) Te(t) — Tw(l)ld(f) + jTa(t)
K
+ J—qu(t) (17)
where I' = (B/J) - &,. Also, the switching law of (18) was
chosen for the given switching gains n; and 7. Finally,
the overall control law, vqsm(t), comprising the switching

and equivalent controls, can be determined by equating (17)
and (18) as illustrated in (19):

WS () = —nisign (W5(1) — mWE(®;m, n2>0 (18)
I'L

BL Ry
VqSM(t) = (?F + I//m]vPI() w(t) + (E + ?) T.(1)

. ' L . JL .
+NpLaw(t)ia(r) _YTa(t)"'ETa(t) - ?wref(t)

JL . JL . s JL
=~ bwrng (0=~ msign (W2 (0)— 2 Yoo
(19)

B. HIGHER-ORDER SMC (SUPER-TWISTING)

In this section, the super-twisting SMC (STSMC), one of
the higher-order SMCs, is considered for the comparative
analysis. Obviously, the sign function related to switching
conditions of the SMC can cause chattering, which can have
a negative impact on the performance of the control system.
Although some improvements were made regarding the per-
formance of the traditional SMC, introducing STSMC is a
game changer as it does not require much information on the
system, and it minimizes the chattering effect by making the
control action continuous instead of the discontinuous behav-
ior of the SMC [42]. Thus, the STSMC can be designed and
implemented effectively with details of the sliding surface of
the previously designed SMC of (13) and (19). Hence, after
simplifications, the control signals vgsT(t) and vgst(t) for the
ig(t) regulation and w(t) tracking were determined as:

. NpL L
Vast (t) = Ryiq(t) — Tw(t)Te(t) + A Cpsr (20

cc

BL R, TL
vgsT (1) = (y]ﬁ + IﬁmNPK) o(t) + (E + 7) T.(1)

. TL L. JL.
+NpLw(t)ig(t)— ?Ta(f)-i- ETa(t)_ ?a)ref(t)

JL . ' JLC 21
_?gwa)ref(t)"'? ost (1) 2D

where Cgst(t) and Cpst(t) are the switching terms of the
STSMC for the vqsT(t) and vgsT(t), respectively, as derived
from the standard STSMC configuration in [43]::

S .
Cast(t) = —Cqi |5, (1) sign (W,(1))
—Cqo [ sign (W5(1)) dt
SN
Cpst(t) = —Cpy | W5, (1)|” sign (¥2,(1))
—Cpy [ sign (W5, (1)) dt
Cot, Cq2, Cp1, Cp2 > 0;
In addition, the coefficients Cqi, Cq2, 1, 82, Cp1, and
Cpaare the positive gains, which dictates the tracking perfor-
mance and error convergence of the controller. To guarantee
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the stability of the STSMC, the power terms should be
between zero and 1 (i.e., 0 < (81, §2) > 1) as illustrated [42].

C. STABILITY ANALYSIS
1) d-axis voltage Control (V)

The v, represents the d-axis component of the armature
voltage, which is controlled via the d-axis component of the
armature current (i) [44]. As highlighted earlier, since the
PMSG is surface mounted, the ig(t) is maintained at zero by
regulating the vq4(t) as shown in Eq. (13). Thus, the stability
analysis for ig(t) regulation can be assessed by selecting the
Lyapunov function for the current control, L{ (t) of (22) to
reflect the sliding surface of (10). Then, the time derivative
of the L‘lf (t) was expressed in (23). Therefore, by substituting
the control signal, v4(¢) of (13) into (12), all the other terms
except for the switching terms will be cancelled out (zero),
leading to the simplified results of (23).

1
ay =~ (\y;da)f (22)
i ay= w (OWE (1) =W, (1) (—Busign (w ®)) — P2V, (1))
= —B1 |V — B2 (¥5,0)) < (23)

2) g-axis voltage control (vy)

Similarly, V, represents the g-axis component of the arma-
ture voltage, while i,(¢) denotes the g-axis component of
the armature current. The v4(t) is controlled to regulate the
generator’s shaft speed (w). Thus, the stability of the system
can be investigated by selecting the Lyapunov function for
the vq control as in (24) to reflect the sliding surface of (15).
Then, the time derivative of the (24) was expressed in (25).
Therefore, by substituting the control signal (19) into (17),
all the other terms except for the switching terms will be
cancelled out, leading to the simplified results of (25).

L@ = (xps ) (24)
L= (\Pfo(t)) WS (1) =W (1) (—sign (W3, (1) —n Wi (1))
= =1 [WE )| — 2 (W5,0)° <0 (25)

Remark 1: According to the Lyapunov stability theorem,
the derivative of the selected Lyapunov function should be
negative. Thus, considering the results of (23) and Eq. (25),
it can be established that for any given positive switching
gains (i.e., B1, B2, n1,and 1), the solutions would always
be < 0. Hence, the stability of the controllers for both the
speed tracking (w(f) — wper) and current control (ig(t)— 0)
is guaranteed.

IV. EXPONENTIAL DISTURBANCE OBSERVER (EDO)

In this section, the ZO and HO disturbance estimators and
their respective convergence assessments were discussed.
Thus, to incorporate the estimations into the control system,
the estimated terms would be utilized by re-arranging the
control signal to include the estimated terms as:

BL Ry 'L
Vq(t) = (?F + 1,meNPK) w(t) + (? + ?) T.(1)
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r'L . JL -
+ NpLow(t)iq(t) — —T o)+ — T a(t) — wref(t)
R JL (s JL "
- ?gwwref(t) — fmszgn( w(t)) -5 Y0
(26)

where the wind speed (v(¢)) is estimated from the estimated
torque using (3). Thus, the corresponding reference speed can
be expressed as in (27). It is worth noting that the deriva-
tive of the speed is with respect to time for varying wind
profiles:

)\0 ~ z)hor fa(t)
Wrep (1) = “F-0(t) = V(1) = \/% :

. Aopt & Aop 7A"a t

e (1) = “25(1) = b(t) = Wm(ax))f/(l);

0 Aopt % Aop ;a t 32
rp (1) = 250 = F00) = st — — (59)

27)

A. ZERO-ORDER EXPONENTIAL DISTURBANCE OBSERVER
(ZOEDO)

Using the concept of EDO [45], the T,(t) can be obtained
from the first term of (8) as illustrated in (28). Thus, the
ZOEDO can be represented in (29) based on the assumption
that the T;(t) varies slowly. Then, the estimated torque can be
represented in (30) by substituting (28) in (29).

Tu(t) = Joxt) + Bo(t) + To(t) (28)
Tu(t) = & (Tut) = Tu0) & > 0 29)

— & T (30)

Therefore, it can be established that given the measurements
of acceleration, the T,(¢) can be estimated. However, since
the acceleration of the motor is generally difficult to measure,
an auxiliary term, u(#), and its derivative w.r.t are shown as:

Tu(t) = &, (Jiolt) + Bo(t) + To(1))

w(t) = To(t) — £ o(1) (1)
[1(t) = &, (Ja(t) + Bo(t) + To(t)) — &,T4(1) — E,J (1)
= &, (Bw(t) + To(1)) — E,T4(1) (32)

Finally, the estimator dynamics can be represented in (33)
after solving for (32) and (30).
Ta(t) = p(t) + & (1)
(1) = Ep(Ba(t) + Te(t) — EoJ (1)) — Eopu(t) (33)
Convergence assessment 1: For the observers to be effevc-
tive, the estimation error should converge to zero in a finite
time. Thus, the estimation error is defined in (34), and its

corresponding dynamics are illustrated in (35) for a slowly
changing T,(t) using (28)- (31).

Tu(t) = Ta(t) — Tu(r) (34)

Tu(t) = —Eo(Bat) + To(t) — End (1)) + Eo(t) — End i0)
= —£,(Bo(t) + To(t) + Jax(1)) + £,(u(t) + E,T (1))
= T,(t) + &T,(t) =0 (35)
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Theorem 1: It is obvious that the final simplification
of (35) is a 1%t-order homogeneous DE whose solution of (36)
will exponentially approach zero in finite time (i.e., t —
o0) according to the magnitude of the estimation gain, &,.
In addition, the estimation error will be maximum at the initial
time of estimation (i.e., t = t(0)), which quickly decays to
ZerO0.

Tu(t) = Ta(to)e™>"; |T,

T.t)|  G6)

’ max

B. HIGHER-ORDER EXPONENTIAL DISTURBANCE
OBSERVER (HOEDO)

Although the wind profile can be assumed to be slowly
changing, in reality, it can be changing rapidly. Therefore,
the ZEODO might not comprehensively represent the behav-
ior of the observed torque. In this regard, the concept of
HOEDO [46] is utilized to estimate the fast-changing T,(t).
According to the control law of (26), only the 21d_order (SO)
estimation of the estimated parameters is required. Thus, the
SO HOEDO can be represented in (37) using (8), where 11 (t),
ua(t), and ps(t) are the auxiliary variables, and Y?, Tg, and
Y5 are the observer gains.

[ Tu(t) = p1() + T{oo(t)
Ta(t) = pat) + YSo(t)
Ta(t) = ua(t) + Y30(r)

. of B 1 1. A
pi() = =1, (—jw(l) — T+ jTa(t)) + Tu(1)

B 1 1. N
fo(t) = =13 (—ja)(t) - 7Te(t) + ;Ta(t)) + Ty(0)

. .( B 1 1.
a3(t) = =13 (—7600) - jTe(I) + ;Ta(t))
(37)

Convergence Assessment 2: Let the estimation error of
the torque for the HO observer be defined in (38). Then,
by simplifying the observer dynamics of (37) using (8)
and (38), the estimation error equation can be represented
in (39).

nh=T,—-T, ; T2=Ta_Ta§ 7~"3=Ta_’fa (33)

_7L"1(t) ]
Tty =T~ ST | |
B = o - B = | 20
T3(t) = =2 T1(1) o
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[ Ti(1) |
'Y‘O
—-10]] -
O TZ(t)
|- o1 (39)
~% o0
T5(1)

Theorem 2: Considering the error matrix of (39), the char-
acteristics polynomial can obtained in (40). Thus, if the
estimation gains (Y7, Y3, and Y7) are selected such that (40)
is Hurwitz [47], the torque estimations errors will asymptot-
ically approach zero in finite time (i.e., t — 00).

ST+ Y95+ 715 =0 (40)

C. CLOSED-LOOP STABILITY ANALYSIS WITH OBSERVERS
Since the current regulation of (13) does not include any
estimated parameter, the stability analysis of (23) still holds.
However, the stability analysis of the speed tracking needs
to be re-assessed with the observers. Thus, by substituting
the closed-loop control law of (26) into (17), the switching
surface can be re-arranged by incorporating the observers as:

IS I 1z . K s
Y, (1) = 7Ta(t) - jTa(t) — misign (W5,(1) — m ¥, (1)
(4D)

Therefore, the Lyapunov function, Loc(t) of (42),
is selected to reflect the dynamics of (41). Then, its cor-
responding derivative w.r.t can be simplified in (43) after
incorporating the estimation error dynamics of (34). Thus,
since the system is governed by two control signals (v; and
Vvy), the stability analysis of (23) and (43) represents the sta-
bility assessment of the complete closed-loop control system.

1 1.~
wdo=5@gmf+§ﬁa> (42)
Loc(t) < WS (WS (1) + TuTu(r)

s . s s %'0 ry -
=V, (—'71 sign (W, (1) —m Wy, (H)+ (7+7) Ta)

+ Ta (_EOT(I)
AT
=—m |¥,®)| - (\Ifj)(t))z + (57 + 7) T, (1)
—£T2<0 (43)

Remark 2: To guarantee the stability of the control system
with the observers, the summation of the three negative terms
of (43) should be greater than the remaining single positive
term. Although this would always be the case considering the
magnitude of the negative terms, stability can be assured if
any of the gains or summation of the gains is greater than
the gain of the positive term, as illustrated in (44). Addition-
ally, since the observers were initially designed such that the
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estimation error decays in finite time, the closed-loop system
with the observers will always be stable:

& T
(7*7)T

a
either [n1, n2, (N1 +n2)1 = | or (44)

&  T')|s

(&)l
V. RESULTS AND ANALAYSIS
The simulation analysis was conducted using the PMSG-
based WECS of (8), SMC/STSMC of (13) and (19)-(21)),
observers of (33) and (37), and the parameters of Tables 1
and 2 in Matlab/Simulink. As shown in Fig. 3, the disturbance
observer (HEODO) estimates the torque generated by the
wind force acting on the turbine blades and the corresponding
reference speeds. Thus, the torque serves as the input to the
system, while the reference speed is used as the reference to
the control (sliding surface). Hence, the torque only serves
as an input for the control, not a disturbance that needs to be
rejected or compensated for.

The profile of the wind was generated using (45) [48],
where v, and vy, respectively, represent the magnitude and
frequency of the wind profile, v(t). In [48], the wind profile
has constant parameters, i.e. there was no v, (v, = 1), and
vy was = 0.0625. In our case, the v, and vy were introduced
so that the profile can be varied. Thus, three different wind
profiles were generated, namely, CASE I (v, = 1 and vy =
0.0625), CASE II (v, = 1 and vy = 3%0.0625), and CASE 111
(va=1/3 and vy = 0.0625), which allows for a comprehensive
analysis of the impact of the varying torque estimations.
Finally, the authors generated the observer and control gains
of Table 2, which are constant values. Some researchers use
trial and error to get the gains. However, in this study, we use
the built-in Matlab@®)gradient descent optimization toolbox
to get the best values of the gains.

max

10 + 0.55(sin(0.27 vrt) — 0.875 sin(0.67vrt)
+0.75 sin(wvrt) — 0.625 sin(2vyt)

—0.5 sin(67vrt) + 0.25 sin(10 vy 1)

+0.125 sin(20m vy 1))

v(t) = v,

(45)

TABLE 2. Simulation parameters.

Parameter Symbol

ZOEDO & =100

HOEDO Y°1 = 3000 ; Y° = 20000, Y°; = 50000
SMC (Vgsm) n1=500,1n,=2.5;& =50

SMC (Vasm) Bi=1;p=1;pc=1

STSMC (Vys1) Cpr=1;Cp;=20,;8 =050

STSMC (Vysr) Cor=1;Cp;=25,8,=0.50
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FIGURE 3. The schematic representation of the proposed HOEDO-based
SMC for the control of WECS.

A. CONTROL OBJECTIVES WITH VARYING WIND PROFILE

To compare the performance of the started control objectives,
different cases of the wind profiles were generated from the
formulation of (45) based on various characteristics of the
wind profile. The analyses would allow for a better under-
standing of the influence of wind profile for maximum power
harnessing of the WECS and to assess the effectiveness of the
designed control system.

CASE I: Here, the control system’s response under normal
wind speed is analyzed using the original values of the wind
magnitude (v,) and frequency (v¢), i.e., v = 1 and vf =
0.0625.

CASE II: In this scenario, the frequency of the wind profile
is increased threefold (3% vy). Thus, the response of the wind
profile will be extremely varying.

CASE [II: Finally, the magnitude of the wind profile was
decreased to one-third (v,/3), which represents a reduced
intensity of the wind source.

Figure 4(a) shows the behavior of the three selected wind
profiles for the performance analysis of the control system.
Then, these wind profiles were applied to the system as
an input. The responses for the stated control objectives,
namely, the d-axis current control and the reference shaft
speed tracking, were recorded. The response of the current
regulation has achieved the stated aim of maintaining the
d-axis current within zero in all cases. Moreover, the shaft
speed tracking is controlled effectively to follow the behavior
of the wind profiles, as illustrated in Fig. 4(b). The shaft speed
is proportional to the intensity of the wind profiles. These
responses demonstrated that the controller was effectively
designed and could be applied to investigate the influence of
a higher-order disturbance estimator.

B. PERFORMANCE OF TORQUE DISTURBANCE
ESTIMATION

The torque disturbance was estimated using ZOEDO and
HOEDO of (33) and (37). The ZOEDO only estimates
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zero-order disturbance (ZO), while the HOEDO estimates
the ZO, first-order (FO), and second-order (SO) disturbances.
The main aim of the study is to investigate the influences of
all the observers on the performance of the WECS. Figure 5
shows the response of the disturbance estimation for the three
wind profiles using both ZOEDO and HOEDO. As shown
in Fig. 5(a)-(c), it is obvious that both observers follow the
actual torque satisfactorily.

Furthermore, the corresponding estimation errors (et,) for
the three scenarios are illustrated in Fig. 5 (d)-(f). As shown,
the observers estimate the disturbance very well with minimal
error. Nonetheless, the HOEDO has the least error, ranging
from 0.005 to 0.4 N.m, compared to the ZOEDO, which has
0.07 to 2 N.m for low wind amplitude and very fast wind,
respectively. Also, as the dynamics of (36) dictates, the error
(eTa) was maximum at the initial time (i.e., t = 0), which
exponentially decays to zero.

In addition, Fig. 5 (g)-(i) shows the response of the FO
torque estimation using the HOEDO for the three different
wind profiles. The HOEDO estimates the FO disturbance
satisfactorily. In all cases, the maximum error occurs at the
initial application of the observer. It is also clear that the
initial estimation error is higher for increased wind speed.
Moreover, the second-order (SO) estimations are illustrated
in Fig. 5 (j)-(1). As shown in Fig. 7(k), the SO torque can reach
up to 400 N.m for a very fast wind profile, which could have
a significant impact on the control system. Thus, the notion
that the HO torque is negligible should not be generalized.

C. INFLUENCE OF ZOEDO AND HOEDO ON THE SHAFT
SPEED (w) AND MAXIMUM POWER EXTRACTION

In the previous section, the performance of the observers
was analyzed for the three different cases of wind profiles.
In this section, the influence of the order of the estimation
on the shaft speed (w) tracking and the power extraction
is analyzed using the designed controllers. Figure 6(a)-(c)
and (d)-(f) shows the response of the w(t) tracking for the
three wind profiles, respectively, for the SMC and STSMC.
As shown, SO+FO-+ZO represents the response after incor-
porating ZO, FO, and SO estimations into the controller,
whereas FO+4-ZO illustrated that the SO estimation was not
considered. Finally, ZO shows the response of using only
the ZO estimations. Thus, the results demonstrate the impact
of adding HO estimations to the control system. Also, the
corresponding tracking errors are illustrated in Fig. 6(g)-(i)
and (j)-(D). It is evident that the addition of the SO estimations
has no significant influence on the speed tracking. However,
using ZO only increases the tracking error. Similarly, the
corresponding power extraction is illustrated in Fig. 7.

D. PERFORMANCE COMPARISON OF SMC, STSMC,

AND LQR

The preceding analyses investigated the performance of the
proposed EDO-based SMC and STSMC in detail. However,
to assess the effectiveness of the scheme, a comparative study
with other controllers should be presented. The LQR is a
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FIGURE 4. (a) The three generated wind profiles from (45) by increasing
the wind frequency (v§) and magnitude (va), respectively; (b) The
response of angular shaft speed (v), which effectively follows the given
wind profiles.

crucial control approach that ensures the optimal behavior
of a dynamic system by minimizing a specific cost func-
tion. As the name implies, LQR minimizes a quadratic cost
function and uses a linear state-space model for its design.
A typical linear system can be represented in (46) [49] either
using the dynamical system or its error dynamics with a
quadratic cost function, J, that needs to be minimized:

£(t) = Ax(1) + Bu(t)
I = / (< (00x(0) + o (ORu(r) di (46)

0

where A is the system matrix, and B is the input matrix. Most
importantly, R is any positive matrix that penalizes the control
efforts, u(t), and Q can be any semi-definite matrix that penal-
izes deviation of state vector, x(t). One outstanding feature of
the LQR is that the feedback control gain, K, is calculated by
solving the algebraic Ricatti formulation (ARF) of (47) [49],
whose solution, P, inherently guarantees the stability of the
closed-loop system. It is evident that selecting appropriate R
and Q matrices is crucial as they represent the compromise
between the tracking performance and the control effort. LQR
has been implemented for many systems, and the calcula-
tion for the ARF is readily available in Matlab®)using the
lgr(A, B, Q, R) command. The details of using LQR for the
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FIGURE 5. The performance of the torque estimation using HEODO and ZOEDO for the three cases of wind profiles: (a)-(c) The zero-order
(ZO) torque estimation (Ta) for normal wind speed profile (Case 1), increased wind frequency (Case Il) and decreased wind amplitude (Case
111), respectively; (d)-(f) The responses of the corresponding estimation errors for case 1, case 2, and case 3, respectively; (g)-(i) The
responses for the first order (FO) torque estimation for case 1, case 2, and case 3, respectively. The responses show that the observers
estimate the torques satisfactorily; (j)-(I) The responses for the second order (SO) torque estimation for case 1, case 2, and case 3,
respectively. The SO torque can reach up to 400 N.m for a very fast wind profile, which could have a significant impact on the control
system. Thus, the SO torque should not be neglected, especially for fast-varying wind profiles.

WECS can be found in [35], [36], and [39]. Thus, the performance of an LQR in [39], was compared
ATP 4 PA— PBR-'BTP 4+ Q =0 with this study. The authors used a generalized HO observer

- (GHOOs) for the torque estimation, while the LQR was used

K =r"'B"P CO) for the w(t) tracking and ig(t) regulation. Although the princi-
u(t) = —Kx(1) ples and gains of the controllers were different, the simulation
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conditions of (45) and the parameters of the system of Table 1
were the same. In this regard, an objective performance com-
parison of the controllers could be ascertained.
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FIGURE 6. The performance of the shaft speed tracking using traditional SMC and higher-order STSMC for the three cases of wind profiles:

(a)-(c) The speed () tracking using SMC for normal wind speed profile (Case I), increased wind frequency (Case Il) and decreased wind amplitude
(Case IlI), respectively; (d)-(f) The » tracking using STSMC for Case I, Case Il and Case llI, respectively; (g)-(i) The corresponding tracking error

(- wref) using SMC for case 1, case 2, and case 3, respectively; (j)-(I) The corresponding tracking error (w- wyef) using STSMC for Case I, Case Il
and Case IlI, respectively. In each case, the STSMC demonstrated better tracking performance with minimal tracking errors than the SMC.
Similarly, using ZO estimation alone demonstrated poor tracking performance as compared to adding the SO and FO estimations.

Figure 8 shows the response of the proposed HOEDO-
based SMC/STSMC and the GHOO-based LQR using the
normal wind speed (Case I). Although both observers seem to
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FIGURE 7. The corresponding power extraction of the WECS using HEODO and ZOEDO for the three cases of wind profiles: (a)-(c) The power
harnessed using traditional SMC for normal wind speed profile (Case 1), increased wind frequency (Case 1l) and decreased wind amplitude
(Case Ill), respectively; (d)-(f) The power harnessed using higher-order STSMC for case 1, case 2, and case 3, respectively. Although the STSMC
increased the power harnessed by using ZO, the addition of SO shows little or no improvements to the FO estimation.
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FIGURE 8. The performance comparisons for observers and controllers using normal wind speed profile (Case I). (a) Wind speed estimation;
(b) Torque estimation; (c) Torque estimation error using HOEDO and GHOOs. The response demonstrated that the proposed HEODO has
superior performance as compared to GHOOs [39]; (d) Speed response (»); (e) The corresponding speed tracking error (v- wyef) for SMC,
STSMC, and LQR [39]; (f) The response of resulting power generation.

estimate the wind speed (v) and T,(¢) satisfactorily, as shown
in Fig. 8(a) and (b), the zoomed portion of the response

62190

demonstrated that the proposed HEODO has superior per-
formance. Also, the Mean Absolute Error (MAE) of the
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torque estimation is much smaller (better) using the HOEDO
(0.1 N.m) as compared to GHOOs (0.5 N.m), as shown in
Fig. 8(c). Furthermore, the performance of the three con-
trollers was compared for the speed tracking, as shown in
Fig. 8(d). The corresponding tracking error demonstrated the
superior performance of the STSMC, as shown in Fig. 8(e).
Similarly, the STSMC follows the reference (wy) with a
minimal tracking error of 0.22 rad/s, representing a 15% and
80% error reduction as compared to SMC (0.26 rad/s) and
LQR (1.2 rad/s), respectively. Finally, the power generated
using the three controllers demonstrates that the maximum
power delivered by the SMC/STMC (152 kW) is about 2%
higher than the power harnessed by the LQR (149 kW),
as illustrated in Fig. 8(f).

Therefore, for all the performance indices, namely, 7,(¢)
estimation, iy(#) regulation, w(t) tracking, and power har-
nessing, the proposed HOEDO-based STM/SMC has out-
performed the GHOO-based LQR. Unlike other studies,
this study uses HOEDO for the torque estimation, and
the observer and control gains of Table 2 were optimized
using the gradient descent algorithm in the Matlab/Simulink
optimization toolbox. Hence, the estimation and tracking
performances were significantly improved.

E. ANALYSIS OF THREE-PHASE VOLTAGES AND CURRENTS
Generally, the mathematical equations of the PMSG are rep-
resented in terms of the reference rotating frame (dg frame).
The dq representation is usually utilized for the control design
because it simplifies the dynamics of the generator or any
other machine. This scheme is made possible because the
frame rotates with the magnetic fields of the rotor. Therefore,
with reference to the dynamic formation of the PMSG-based
WECS of (8) and the final control signals of (13) and
(19)-(21), the dgq frame needs to be converted to the actual
values of the physical quantities (voltages and currents) to be
measurement at the terminals of the PMSG.

Figure 9 illustrates the process of converting the signals
from the dg to the abc frame. As demonstrated, the dg com-
ponents are initially converted to «f frame using the inverse
Park transformation. Then the inverse Clarke transformation
is applied to convert the af into the abc frames [50]. Math-
ematically, this can be accomplished using the formulations
of (48) and (49) [51]. The transformation is also provided by a
simple Matlab/Simulink block, where 0 is the rotor position.

{ Vg = Vg cos(0) — vy sin(6); 48)
vg = Vg sin(8) + v, cos(6)
Va = Va,
1 V3
Vp = _Eva + TVﬁ; (49)
1 V3
Ve = —Eva — 711/3

Using this transformation, the response of control signals
and the corresponding three-phase supply voltages and cur-
rents for the STMC using the transformation formulations
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FIGURE 9. The process of converting PMSG signals to voltages and
currents as physical quantities. The rotating orthogonal reference frame
(dq) is converted to a two-phase orthogonal reference frame («j) using
inverse Park transformation. Finally, the three-phase reference frame
(abc) is obtained using inverse Clarke transformation [50].

can be assessed. On the other hand, analyzing the chatter-
ing phenomenon associated with the SMC is essential as it
significantly affects the actuation (control signal). Figure 10
shows the response of the traditional SMC for the control
signals (vq and vg) and the corresponding current (ig). It is
obvious that the traditional SMC exhibits significant chat-
tering, which will affect the actuator and lead to unwanted
noise. Therefore, unlike the SMC, the STSMC of Fig. 11
showed advanced control action with smooth control signals
and current response.

V1. DISCUSSIONS

This study aimed to investigate the impact of the order of
torque disturbance estimation on the control performance of
PMSG-based WECS. It has been extensively studied in the
literature that the wind acting on the turbine blade generates
an aerodynamic torque (T,) proportional to the wind speed
and the resulting speed of the generator’s shaft connected to
the blades. However, the wind speed has not been effectively
measured in real-time due to the fluctuating nature of the
wind, which encourages sensorless torque estimation using
the concept of disturbance observers. As earlier highlighted,
some researchers assumed the torque to be slowly vary-
ing (zero-order), which simplifies their observer and control
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FIGURE 11. The response of converting control signals of a PSMG-based WECS (dq-frame) to three-phase physical voltages and currents (abc-frame)
to be measured at the terminals of the PMSG using STSMC. (a) Response of d-axis current (ig); (b) Response of g-axis current (ig); (c) Response d-axis
voltage (v4); (d) Response of g-axis voltage (vq); (e) The corresponding three-phase currents (i;p); (f) The corresponding three-phase voltages (V,p)

using SO+FO+Z0.

design. In contrast, others claimed that the wind can fluctuate
faster, and thus, the higher-order (fast-varying) torque should
considered. In this study, different wind behaviors, ranging
from slow to extremely varying profiles, were investigated to
analyze the influence of the resulting torque on shaft speed
control and the corresponding generated wind power.

In the preceding sections, three disturbance observers,
namely ZO, FO, and SO, were used to control the WECS.
The influence of incorporating the higher-order observers
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was analyzed using the three different wind profiles. Firstly,
the response of the controllers with all the observers (i.e.,
Z0O+FO+SO0) was considered. Secondly, the SO estimation
was considered negligible, such that the response with the
Z0 and FO was analyzed. Finally, only the ZO estimation
was considered while neglecting the higher-order estimations
(i.e., assuming a slowly varying wind profile).

Furthermore, different wind profiles were considered
to study the influence of the higher-order observers
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(b)STSMLC. In all cases, the SO estimation provides insignificant
improvements to the controllers. However, the ZO estimations
demonstrate poor performance, especially for fast-varying wind profiles.

comprehensively. The frequency of the generated wind pro-
file of (45) was increased threefold (3*vy), and then its
amplitude was decreased (v,/3). The responses of the control
objectives (i.e., current regulation and shaft speed tracking),
disturbance estimations, and power extractions were recorded
and analyzed.

The summary of the performance indices, namely mean
absolute error (MAE) and root mean square error (RMSE)
of the torque estimation and speed tracking were recorded.
Also, the maximum power generated using SMC and STSMC
is recorded, as illustrated in Table 3. It is obvious that the
smaller the MAE/RMSE, the better the tracking performance
of the controllers. As demonstrated, the higher the wind
speed, the higher the tracking error. Nonetheless, the HOEDO
has better tracking performance than the ZOEDO. It was
observed that the torque estimation does not change for SMC
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FIGURE 13. The summary of maximum power harnessed from the three
wind profiles using HEODO and ZOEDO. (a) SMC; (b) STSMC. The ZO
estimation satisfactorily harnessed the same amount of wind power for
slow and fast varying wind profiles (Case I and I1I) compared to
higher-order estimations (SO+FO+ZO or SO+ZO0).

and STSMC because the observer gains were maintained the
same for the two control actions. However, the tracking error
(MAE and RMSE) of STSMC shows improved performance,
as illustrated in Fig. 12.

Moreover, Fig. 13 summarizes the maximum power har-
nessed from the three wind profiles after incorporating the
observers. For Case I and 11, the generated power for ZO and
HO observers for both SMC/STMC were approximately the
same. The results demonstrated that using the ZOEDO can
almost generate the same power as the HOEDO. Nonetheless,
for an extremely varying wind profile (Case II), the maximum
power of 193.9 kW was extracted for the HOEDO (STSMC),
representing a 6% increase as compared to 182.15 kW of
the ZOEDO. The results demonstrated that HO estimations
improve the speed tracking and increase the power genera-
tion of the WECS, especially for extremely changing wind
profiles. On the other hand, the ZO shows satisfactory results
for slow-changing wind profiles.
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TABLE 3. Summary of torque estimation, speed tracking, and maximum power for SMC and STSMC.

Wind profiles
CASE 1 CASE2 CASE3
Index Scenarios

SMC STSMC SMC STSMC SMC STSMC

Torque Estimation Error MAE HOEDO 0.0532 0.0532 0.1807 0.1807 0.0059 0.0059
(N.m) ZOEDO 0.3301 0.3301 0.8778 0.8778 0.0367 0.0367
SO+FO+ZO 0.2594 0.2151 0.8342 0.4666 0.0764 0.0566

MAE SO+FO 0.2495 0.2145 0.8254 0.4668 0.0759 0.0566

Speed Tracking Error Z0 0.5973 0.5061 1.6375 0.8420 0.1787 0.1044
(. @) (rad/s) SO+FO+ZO 4.0584 3.9820 4.1983 4.0431 1.3290 1.1643
RMSE SO+FO 4.0417 3.9748 4.1809 4.0358 1.3249 1.1628

Z0 6.0841 6.1632 6.2719 6.2193 1.9517 1.1580

SO+FO+ZO 152.2295 152.0847 190.2437 193.9164 6.9074 6.8871

Maximum power (kW) SO+FO 152.2291 152.0849 189.0477 193.7924 6.9074 6.8871

y4e] 151.7431 151.8682 162.4758 182.1504 6.8479 6.8604

Therefore, the study is important as it highlights the sig-
nificance of torque estimation and its incorporation into the
WECS’s control scheme for optimal wind energy harnessing.
Furthermore, the observers demonstrated that different wind
profiles could be effectively estimated without the need for
wind speed sensors, which reduces cost and improves the
generator’s shaft speed control.

On the other hand, the torques, particularly the electromag-
netic torque (T¢), can exhibit ripple, which can be detrimental
to the WECS. It should be noted that the study analyzes
the aerodynamic torque (T,) generated by the wind source
and acts as a disturbance. However, to analyze the ripple
generated by the generator, the current component is required.
Thus, the Te(t) formulation of Eq. (7) was utilized to visu-
alize the torque behavior. The analysis uses 100 seconds to
capture the response of the wind profile. However, when the
responses are analyzed using the zoom-in portion in the first
15 seconds of the Te(t), it is clear that the fluctuations can
cause ripples for the SMC, as shown in Fig. 14(a). Interest-
ingly, the proposed STSMC-based control ensures a smooth
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response without the ripple, as shown in Fig. 14(b). Most
importantly, the torque does not oscillate but rather follows
the given wind profile. In this study, extreme cases were
analyzed for the purpose of studying the impact of extremely
varying wind profiles on shaft speed control and aerodynamic
torque estimation.

In summary, based on different disturbance observers
(e.g., [28], [33], [34], [39], [40]) that were previously
applied for torque estimation, the HEODO-based STSTMC
has demonstrated superior estimation performance and ease
of implementation, as extensively analyzed in Sections V
and VI. The main advantage of the HEODO is that its for-
mulation is based on the Hurwitz polynomial (Eq. (40)),
which allows the observer gains to be chosen easily while
ensuring guaranteed stability. The freedom of gain selection
also allows the speed of error convergence to be predefined
according to the control behavior and system requirements.
In addition, the HEODO provides convenient integration into
the controller’s dynamics, which leads to improved robust-
ness and enhanced shaft speed control accuracy.
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Nonetheless, the HO estimations depend on the fast-varying
nature of the wind. In this regard, the higher-frequency noise
related to the variations of the wind profile will be inherently
captured and amplified, especially when coupled with sensor
measurement noise. Accordingly, robust and smooth control
algorithms like the STSMC would be required to reject
and compensate for the noise disturbances. Therefore, if the
control is not robust enough, the noise will lead to estimation
inaccuracies and degraded control performance.

Most importantly, when considering the practical imple-
mentation of the proposed scheme, it is imperative to note
that the disturbance estimation and the STSMC are both
model-dependent. In this regard, the performance of the
scheme depends on the accuracy of the system parameters
and the derived mathematical formulations of PSMG-based
WECS. Moreover, the computational requirement regarding
the response time of the observers and the control system
should be considered during real-time implementation on the
embedded microcontrollers. In addition, since controlling the
WECS involves measurements of some quantities (e.g., gen-
erator speed, electromagnetic torque, and currents), sensor
noise exists. Therefore, appropriate filters should be designed
and integrated into the observer scheme to improve the signal
quality and avoid noise amplification per the specifications
of the available hardware setup.

VIi. CONCLUSION

This paper investigates the impact of higher-order disturbance
observers on the speed tracking and maximum power har-
nessing of WECS. The ZO, FO, and SO aerodynamic torques
were estimated using the HOEDO. The results demon-
strated that the HOEDO satisfactorily estimates the torque
disturbance even under extremely varying wind profiles.
In addition, the HOEDO-based SMC/STSMC schemes show
that the d-axis current was regulated, and the shaft speed
tracks the reference speed remarkably. Incorporating the dis-
turbance estimation into the control schemes demonstrates
that adding SO estimation has negligible influence on speed
tracking and power extraction. It was shown that only for an
extremely-varying wind profile, the HO estimation outper-
formed the ZO estimation for power extraction. Hence, it can
be concluded that for the medium wind profile, including
those described in previous research, the ZO estimation is the
optimal choice, as the HO estimation showed insignificant
improvement for power extraction. In addition, the FO-based
STSMC has demonstrated superior performance for both
shaft speed tracking and power extraction as compared to the
traditional SMC in all cases of the analyzed wind profiles.
The analysis shows that the proposed scheme could be satis-
factorily applied for sensorless wind speed measurement and
the analysis of possible wind power to be harnessed from a
given wind source.

However, the main challenge for the study is that both the
observers and the controllers depend on accurate dynamic
modeling of the PSMG-based WECS, which might not effec-
tively consider real-world scenarios, including nonlinearities
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and parameter variations due to aging or wear. In addition,
when applying the proposed scheme for practical applica-
tions, the issues of sensor noise and communication delays
between the control system and the sensor measurements
may affect its performance. Thus, despite the advantages
of the proposed scheme, there is a need for improvements,
particularly during practical implementations. In this regard,
our future work will focus on exploring a machine-learning-
based data-driven approach with the aim of ensuring a
robust control system that adapts to real-world paramet-
ric variations and other environmental uncertainties. Finally,
an extensive study of the designed scheme will be conducted
on a hardware-in-the-loop (HIL) setup, which mimics the
practical WECS to analyze the trade-offs between compu-
tational complexity, robustness, and efficiency in real-world
applications.
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